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The role of the dopaminergic pathway in general anesthesia and its potential
mechanisms are still unknown. In this study, we used c-Fos staining combined with
calcium fiber photometry recording to explore the activity of ventral tegmental area
(VTA) dopaminergic neurons (VTA-DA) and nucleus accumbens (NAc) neurons during
sevoflurane anesthesia. A genetically encoded dopamine (DA) sensor was used to
investigate the function of the NAc in sevoflurane anesthesia. Chemogenetics and
optogenetics were used to explore the role of the VTA-DA in sevoflurane anesthesia.
Electroencephalogram (EEG) spectra, time of loss of righting reflex (LORR) and recovery
of righting reflex (RORR) were recorded as assessment indicators. We found that VTA-DA
and NAc neurons were inhibited during the induction period and were activated during
the recovery period of sevoflurane anesthesia. The fluorescence signals of dopamine
decreased in the induction of and increased in the emergence from sevoflurane
anesthesia. Activation of VTA-DA and the VTADA-NAc pathway delayed the induction
and facilitated the emergence accompanying with the reduction of delta band and the
augmentation of the gamma band. These data demonstrate that VTA-DA neurons play
a critical role in modulating sevoflurane anesthesia via the VTADA-NAc pathway.

Keywords: ventral tegmental area, dopaminergic (DA) neuron, calcium fiber photometry recording, dopamine
sensors, sevoflurane

INTRODUCTION

General anesthesia is characterized by unconsciousness, analgesia, amnesia, and immobility
while maintaining vital physiological functions, but how anesthetic drugs create a state of
unconsciousness remains unclear. Growing evidence has demonstrated that general anesthesia
and sleep-wakefulness share homologous neural substrates (Nelson et al., 2002; Franks, 2008;
Franks and Zecharia, 2011). Dopaminergic nuclei have been confirmed to be involved in the
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processes of both sleep-wake (Oishi and Lazarus, 2017; Qiu
et al., 2019) and general anesthesia (Harrington, 2014; Li
et al., 2019), in which the ventral tegmental area (VTA)
dopaminergic (DA) neurons are specifically crucial. It
has been suggested that the VTA promotes rapid eye
movement (REM) sleep and waking from natural sleep
(Leung et al., 2014; Taylor et al., 2016; van der Meij et al.,
2019). Lesions of VTA dopaminergic neurons result in a
significantly prolonged recovery time from propofol (Zhou
et al., 2015). Furthermore, electrical stimulation or optogenetic
activation of VTA-DA neurons induce fast awakening from
isoflurane anesthesia (Solt et al., 2014; Taylor et al., 2016). These
studies indicate that the VTA plays an important role in sleep
regulation and general anesthesia. However, it remains to be
determined which VTA downstream pathways are involved in
the mechanism of general anesthesia.

Projections from VTA-DA neurons to the nucleus
accumbens (NAc), which is known as the main mesolimbic
dopaminergic pathway, play a key role in depression
(Nestler and Carlezon, 2006), addiction (Shen et al., 2016),
feeding behavior (Skibicka et al., 2013) and sleep-
wake circuits (Eban-Rothschild et al., 2016; Oishi
et al., 2017). NAc dopaminergic receptors are
likely involved in the maintenance of wakefulness
(Luo et al., 2018). Using intracerebral microdialysis, Léna
et al. (2005) show that extracellular dopamine levels in the NAc
are higher during arousal states than during slow-wave sleep. In
addition, our previous studies indicate that microinjection of a
D1 receptors (D1R) agonist into the NAc shell accelerates the
emergence process from isoflurane anesthesia in mice (Zhang
et al., 2020). Now, the most commonly used volatile anesthetic
agent is sevoflurane which is an ideal drug for its pleasant
smell, non-irritant effect on the airways and low blood-gas
partition coefficient, especially for children (Boonmak et al.,
2016; Brioni et al., 2017; Xu et al., 2020) Therefore, we speculate
that VTA-DA neurons modulate the process of sevoflurane-
induced general anesthesia through projections to the NAc.
To test this hypothesis, we applied c-Fos staining, calcium
fiber photometry recordings, optogenetics, chemogenetics,
and fluorescent sensors, combined with behavioral tests and
electroencephalography (EEG)analysis, to investigate the roles
of the VTADA-NAc pathway in the induction of and emergence
from sevoflurane anesthesia.

MATERIALS AND METHODS

Animals
This study was performed in accordance with the guidelines
described in the Guide for the Care and Use of Laboratory
Animals in China (No. 14924, 2001) and was approved by the
Animal Care and Use Committees of Zunyi Medical University.
Adult male DAT-cre mice (No. 006660; Jackson Laboratory,
Bar Harbor, ME, USA) and C57BL/6 mice (SCXK2019-0014;
Tianqin, Changsha, China) were used in this study. Before all
experiments were performed, all mice were in good health and
at a normal weight (22 g to 28 g). Mice were housed in standard
chambers within an SPF laboratory animal room (12/12-h

light/dark cycle; 23 ± 2◦C; relative humidity: 55% ± 2%). Adult
(8–12 weeks) mice were used for all the experiments.

Drugs
Sevoflurane and isoflurane were purchased from RWD
Life Science (Shenzhen, China). The rabbit anti-tyrosine
hydroxylase antibody (Ab-112, USA) was purchased from
Abcam Corporation (Cambridge, UK). The rabbit c-Fos
antibody (2250S, USA) was purchased from Cell Signaling
(Beverly, MA, USA). The secondary antibodies were goat
anti-rabbit conjugated to Alexa 488 (Invitrogen; A-11008) and
goat anti-rabbit conjugated to Alexa 594 (Invitrogen; A-11012,
Carlsbad, CA, USA).

Stereotaxic Surgery
Isoflurane (1.4%) and oxygen (1 L/min) were applied to
anesthetize mice in a small box. Before surgery, lidocaine
(2%) was injected subcutaneously to induce local anesthesia.
Subsequently, the mice were gently placed on a stereotaxic
frame (RWD Life Science, Shenzhen, China). Hydrogen
peroxide (3%) was used to remove the fascia from the skull
surface. The bregma and lambda points were used to adjust
the mouse head to the horizontal position. A small window
with a diameter of 300–500 µm was opened above the point
of virus injection and fiber implantation. All viruses purchased
from Brain-VTA (Wuhan, China). An adeno associated virus
expressing GCaMP (rAAV2/9-hSyn-DIO-GCaMP6s, PT-0091;
rAAV2/9-hSyn-GCaMP6s, PT-0145), DA2h (rAAV9-hSyn-
DA2h, PT1301), chemogenetic (rAAV2/9-EF1α-DIO-hM3Dq-
EGFP, PT-0042; rAAV2/9-EF1α-DIO-hM4Di-EGFP, PT-0043),
optogenetic (rAAV2/9-EF1α-DIO-ChR2-mCherry, PT-0002;
rAAV2/9-EF1α-DIO-NpHR-mCherry, PT-0007), Retro-cre
(rAAV2/Retro-hSyn-cre-mCherry, PT-0407), mCherry (rAAV-
Ef1α-DIO-mCherry-WPRE-pA, PT-0013), and EGFP (rAAV-
Ef1α-DIO-EGFP-WPRE-pA, PT-0012) was injected into the
VTA (anterior-posterior [AP]: −3.10 mm, medial-lateral
[ML]: +0.8 mm, and dorsal-ventral [DV]: −4.3 mm) or NAc
(AP: +1.45 mm, ML: +0.7 mm, DV: −4.45 mm) via a glass
micropipette using a microsyringe pump. The injection was
guided by the stereotactic coordinates of the mouse brain
(George Paxinos and Keith B. J. Franklin, second edition). A
total of 200–250 nl of virus was delivered to each site over 10 min
via a microsyringe pump, after which the needle was left in
the injection position for at least 10 min to permit diffusion.
For calcium fiber photometry, DA dynamics monitoring and
optogenetic testing, optic fibers were implanted unilaterally over
the NAc and secured with three skull screws and dental cement.
All animals were individually housed and allowed to recover
completely before the formal experiment.

Calcium Fiber Photometry Recording
As a calcium indicator, GCaMP6s can reflect transient alterations
of neuronal activity with high sensitivity. In the current
experiment, in vivo Ca2+ signals of the VTA and the NAc
were recorded under sevoflurane anesthesia (2.4%) mixed with
oxygen (1 L/min) using a multichannel fiber photometry
system (Thinker-Tech Nanjing Bioscience Nanjing, China),
which was equipped with a 480 nm excitation LED (3 W,
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CREE) and a dichroic mirror (DCC3420M; Thorlabs). An
optical fiber (Newton Inc., China) integrated with an optical
diverter (Doric Lenses) was used to transmit light between
the fiber photometry system and the implanted optical fiber
(Figures 1C,4C).

The loss of righting reflex (LORR) and recovery of righting
reflex (RORR) times are widely considered to be standard indices
for assessing the processes of induction of and emergence from
general anesthesia in mice, respectively. Animals were housed
under free conditions for 10 min, and then, a 300 s recording
was taken as a baseline. Next, the mice were anesthetized with
sevoflurane (2.4%) with oxygen (1 L/min), and sevoflurane
anesthesia was maintained for 30 min before discontinuation.
The recording was stopped 5 min after RORR. All brains
were sectioned to verify viral fluorescence expression and the
position of optical fiber implantation after the experiments
were completed. Fiber photometry data were analyzed using
MATLAB 2019a (MathWorks, Cambridge, UK). The values
of the fluorescence change (∆F/F) were calculated using the
following formula: (F − F0)/F0, where F is the test fluorescence
signal and F0 is the average fluorescence intensity before
stimulation (Liu et al., 2021).

Monitoring DA Transmitters Release
We applied genetically encoding GPCR activation-based DA
(GRABDA) sensors that respond to nanomolar and micromolar
concentrations of dopamine. GRABDA sensors reflect the
dynamic accumbens DA transmitters concentration in the
NAc by coupling conformationally sensitive circular-permutated
EGFP (cpEGFP) to specific DA receptors (Sun et al., 2018;
Figure 3A). DA2h were expressed by adeno-associated virus
(AAV) into NAc of C57BL/6 mice (Figures 3B,C). Alterations of
the DA transmitters amount were reflected by the fluorescence
intensity with high sensitivity, which was detected by a
multichannel fiber photometry system. The protocol for
recording the NAc extracellular DA transmitters’ concentration
was identical to that for the calcium fiber photometry
recording experiment.

Chemogenetic Activation/Inhibition of
VTA-NAc Dopaminergic Projections
To identify the anatomical and functional interaction between
VTA-NAc dopaminergic projections during sevoflurane
anesthesia, we separately performed rAAV/Retro-hSyn-cre-
mCherry-WPRE-hGH retrograde tracing in the NAc and
chemogenetic (rAAV-EF1α-DIO-hM3Dq-EGFPand rAAV-
EF1α-DIO- hM4Di-EGFP) analysis in the VTA (Figures 5A,6A).
hM3Dq/hM4Di was engineered from muscarinic receptors that
specifically respond to clozapine N-oxide (CNO, MedChem
Express; Armbruster et al., 2007). Three weeks after surgery,
CNO (1 mg/kg, i.p.) or saline (0.9%, equal volume, i.p.) was
injected 1 h before the behavioral test and EEG recording. Saline
was injected in the control group. In the behavioral testing,
sevoflurane (2.4%) with oxygen (1 L/min) was used for induction
5 min before LORR, and EEG signals were collected. After
LORR, sevoflurane anesthesia (2.4%) was maintained for 30 min,

and then, behavioral changes were observed 5 min after RORR
(Figures 5C,H,I, 6C,H,I).

In vivo Optogenetic Stimulation During
Sevoflurane Anesthesia
We also used optogenetic methods to examine the causal role
of the VTADA during sevoflurane anesthesia. We implanted
an optic fiber into the VTA and injected rAAV-EF1a-DIO-
ChR2-mCherry into the VTA of DAT-cre mice. To test the
vital role of VTADA-NAc projections in sevoflurane anesthesia,
we injected rAAV-EF1a-DIO-ChR2-mCherry/rAAV-EF1a-
DIO-NpHR-mCherry/rAAV-EF1a-DIO-mCherry into the VTA
of DAT-cre mice and implanted an optic fiber into the NAc.
An intensity division cube (200 mm/0.37 numerical aperture,
Newton Inc., China) was connected to the laser output of a
473 nm optogenetics system (Intelligent Light System, Newdoon
Inc., China). The optical power at the tip of the fiber was tested
with an optical power meter (PM100D, Thorlabs) and was
calibrated to 10–15 mW. For optical stimulation of VTA-DA
neurons and their termini, pulses of 473 nm light with a 15 ms
width at 20 Hz and pulses of 589 nm light with a 20 ms width at
10 Hz were applied (Taylor et al., 2016) during the LORR and
RORR periods, respectively. The optogenetic activation mode
was started during the LORR and RORR periods. After 2.4%
sevoflurane induced LORR for 5 min, mice were observed for
5 min to determine whether the righting reflex was restored
(Figure 2C). We also observed behavioral and EEG changes
from optogenetic activation (Figures 7H,I).

EEG Recording and Spectral Analysis
EEG signals were recorded at least 5 days after the behavioral test
to allow for recovery from anesthesia. The multichannel signal
acquisition system (Apolo, Bio-Signal Technologies, USA) was
used to acquire EEG signals. The EEG signals were collected
and filtered between 0.1 and 300 Hz. Before induction, the
EEG signals were recorded for 5 min. Then, the EEG signals
were continuously recorded from 5 min after administration
to recovery from sevoflurane anesthesia, including anesthesia
maintained for 30 min. For optogenetic and chemogenetic
experiments, power spectrum analysis was conducted on data
from the period of induction and the recovery period during
sevoflurane anesthesia. The relative powers in the different
frequency bands were computed by averaging the signal power
across the frequency range of each band (δ: 1 to 4 Hz, θ: 4 to 8 Hz,
α: 8 to 12 Hz, β: 12–25 Hz, and γ: 25 to 60 Hz) and then dividing
by the total power from 1 to 60 Hz as described in previous
studies (Liu et al., 2020; Luo et al., 2020). The spectrogram was
bandpass filtered from 1–60 Hz. Spectrograms were constructed
using multitaper methods implemented using the Chronux
toolbox in MATLAB 2016a (MathWorks, Cambridge, UK).

Histological Verification
Mice were deeply anesthetized with isoflurane before transcardial
infusion of 50 ml PBS followed by 4% PFA. The brains were
harvested, postfixed overnight at 4◦C, soaked in 30% sucrose
in PBS at 4◦C until sinking, and then coronally sectioned into
30-µm slices on a cryostat (Leica CM1950). All the brain sections
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FIGURE 1 | Ventral tegmental area (VTA)-dopamine (DA) activity and neural dynamics in response to sevoflurane. (A) Expression of c-Fos in the VTA in the
wakefulness state, sevoflurane anesthesia and recovery from anesthesia in mice (Scale bars: 200 µm). (B) Average number of c-Fos-immunopositive neurons.
One-way analysis of variance (ANOVA) followed by post hoc Bonferroni’s test (n = 6). **p < 0.01. (C) Schematic configuration of in vivo Ca2+ signal recording.
Timeline for Ca2+ signal recording in sevoflurane anesthesia. (D) Expression of GCaMP6s in VTA from each cases are outlined. (E) Expression of GCaMP6s in
VTA-DA neurons. Viral expression (GCaMP6s, green) in the VTA and colabeling with DA neurons (TH immunofluorescence, red; Scale bars: 200 µm). (F) Heat map
illustrating changes in the Ca2+ signals related to sevoflurane-induced LORR and RORR. (G) Average calcium transients associated with loss of righting reflex (LORR)
and recovery of righting reflex (RORR) mean (red trace) ± SEM (red shading). Note that the Ca2+signals gradually decreased during the LORR process and increased
sharply after RORR. (H) ∆F/F represents the deviation in Ca2+ fluorescence from the baseline, which is the averaged ∆F/F between t = –300 s and –150 s. Data are
presented as the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001, n = 8, by paired t-test.
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FIGURE 2 | Optogenetic activation of VTA-DA neurons facilitates arousal from sevoflurane anesthesia. (A) Diagram of the optogenetic virus injection and stimulation
sites. (B) Expression of virus (mCherry, red) in VTA-DA neurons and colabeling with DA (TH immunofluorescence, green; scale bar: 200 µm). (C) Schematic of the
experimental time-course. (D) Optical activation of DA neurons in the VTA prolonged the induction time and shortened the emergence time from sevoflurane
anesthesia. (E) Comparison of each Electroencephalogram (EEG) frequency band between the two groups during optogenetic activation of VTA-DA neurons. (F,G)
Representative EEG traces and the corresponding heat map of the process in the two groups. Data are presented as the mean ± SD. *p < 0.05; **p < 0.01, n = 8,
by paired and unpaired t-test.
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were first incubated in a blocking solution (PBS containing
2.5% normal goat serum, 1.5% bovine serum albumin and 0.1%
TritonTM X-100) for 2 h at room temperature and were then
incubated with a primary antibody (rabbit c-Fos antibody, 1:200;
anti-tyrosine hydroxylase antibody, 1:1,000) in blocking solution
overnight at 4◦C, followed by a 3 × 10 min wash with PBST
(PBS with 0.1% Triton X-100, vol/vol). The sections were then
incubated with a secondary antibody (goat anti-rabbit conjugated
to Alexa 488/594, 1:1,000 dilution) at room temperature for 2 h.
After another 3 × 10 min wash with PBST, the sections were
mounted on glass slides and covered with mounting media (Gold
antifade reagent with DAPI, Life Technologies, USA). Images
of immunostaining were captured on an Olympus BX63 Virtual
Microscopy System (Figure 2B).

For the c-Fos experiment, we stained c-Fos in three groups
(n = 6 for each group). In the anesthesia group, C57BL/6 mice
were kept in an anesthesia state in a box with a constant level
of sevoflurane (2.4%) and oxygen (1 L/min) for 2 h. For the
recovery group, mice were kept awake at room temperature
for 2 h after administering sevoflurane (2.4%) and oxygen
(1 L/min) for 2 h. For the wakefulness group, we performed c-Fos
staining with no operation. The mice were then anesthetized
with 1% pentobarbital (50 mg/kg, i.p.) injection. The histological
protocol we employed for localization of the cannula position
and immunofluorescence was the same as previously mentioned.

Statistical Analysis
All statistical analyses were performed by GraphPad Prism
software package, version 6.0 (GraphPad Software Inc.,
San Diego, CA, USA). All data were subject to normality
tests. One-way analysis of variance (ANOVA) followed by
Bonferroni’s test for the three groups of c-Fos staining were
used. The differences in the LORR and RORR times and the
EEG band percentage between groups were also detected
using unpaired Student’s t-test. Paired Student’s t-tests were
used to analyze the differences in calcium signals and DA
neurotransmitter signals between pre- and post-events. Data
are presented as the mean ± SEM or mean ± SD. In all cases,
p-values < 0.05 were considered significant.

RESULTS

VTA Activity and Neural Dynamics in
Response to Sevoflurane Anesthesia
To determine the role of the VTA in sevoflurane-induced
general anesthesia, we first observed c-Fos expression as a
marker of activated neurons during the state of wakefulness,
sevoflurane-induced anesthesia, and recovery from sevoflurane
anesthesia. We found that, compared with that induced in
sevoflurane anesthesia groups, the increase of the amount of
c-Fos expression induced in the wakefulness groups, was less
than that induced in the recovery from sevoflurane anesthesia
groups (wakefulness group: 225.5 [56.2] vs. sevoflurane-induced
anesthesia groups: 30.83 [7.3], p = 0.0251, n = 6, recovery
from sevoflurane anesthesia groups: 319.5 [29.2] vs. sevoflurane-
induced anesthesia groups: 30.83 [7.3], p = 0.0015, n = 6,
F(2, 15) = 9.995; Figures 1A,B). This result may suggest

that neurons in the VTA were inhibited during sevoflurane
anesthesia and activated during the recovery process from
sevoflurane anesthesia.

Moreover, to investigate the real-time activity of
VTA-DA neurons during sevoflurane anesthesia, we injected
cre-dependent rAAV-hSyn-DIO-GCaMP6s into the VTA of
DAT-cre mice (Figures 1D,E) and used fiber photometry to
record changes in the Ca2+ signals in vivo during isoflurane
anesthesia (Figure 1A). During induction of sevoflurane
anesthesia, we analyzed the Ca2+ signals in three periods:
wake period (−300 to −150 s), induction period (−150–0 s),
and anesthesia period (0–150 s). The Ca2+ signals noticeably
decreased after sevoflurane-induced LORR (p = 0.0006, n = 8)
and during sevoflurane anesthesia (p = 0.0008, n = 8). In the
recovery period, three time periods were analyzed, including the
anesthesia period (−300 to −150 s), recovery period (−150–0 s),
and wake period (0–150 s). A robust increase due to RORR
was observed (p = 0.025, n = 8; Figures 1F–H). These findings
indicate that the activity of DA neurons in the VTA is altered
under sevoflurane anesthesia.

Activation of VTA-DA Neurons Modulates
the Induction of and Emergence From
Sevoflurane Anesthesia
We further determined the role of VTA-DA neurons. Here, we
employed optogenetics to manipulate the activity of VTA-DA
neurons in DAT-cre mice combined with behavioral tests and
EEG recordings (Figure 2A). Compared with the mCherry
group, photo stimulation of dopaminergic neurons in the VTA
was given at the onset of sevoflurane until LORR, which
prolonged the LORR time (ChR2-light-on: 112.7 [12] s vs.
mCherry-light-on: 100.8 [9.7] s, p = 0.045, n = 8). When
stimulation was started at the end of sevoflurane inhalation and
continued until RORR, optical activation of VTA-DA neurons
shortened the arousal time (ChR2-light-on: 168.1 [22.4] s vs.
mCherry-light-on: 205.8 [40.2] s, p = 0.0047, n = 8). Within
each group, laser stimulation notably prolonged the LORR time
(ChR2-light-on: 112.7 [12.0] s vs. ChR2-light-off: 97.8 [7.7] s,
p = 0.045, n = 8) and shortened the RORR time (ChR2-light-on:
168.1 [22.4] s vs. ChR2-light-off: 208.2 [21.7] s, p = 0.0052, n = 8),
compared with the light-off control (Figure 2D). Moreover,
the EEG recordings demonstrated a significant difference in
the power spectrum between the ChR2 group and mCherry
group during the LORR period, including the ratio of δ bands
(ChR2-light-on: 24.7 [5.7] % vs. mCherry-light-on: 31.2 [2.3] %,
p = 0.008, n = 8), β bands (ChR2-light-on: 17.5 [4.5] % vs.
mCherry-light-on: 12.9 [2.3] %, p = 0.04, n = 8), and γ bands
(ChR2-light-on: 25.4 [3.5] % vs. mCherry-light-on: 18.2 [3.5] %,
p = 0.002, n = 8). Meanwhile, during emergence to RORR,
a strikingly decreased ratio of θ bands (ChR2-light-on: 20.07
[2.6] % vs. mCherry-light-on: 28.2 [5.6] %, p = 0.0037, n = 8)
and increased ratio of β bands (ChR2-light-on: 23.2 [2.9] % vs.
mCherry-light-on: 19.6 [1.7] %, p = 0.014, n = 8) and γ bands
(ChR2-light-on: 23.7 [8.1] % vs. mCherry-light-on: 12.8 [9.3] %,
p = 0.004, n = 8) were found between ChR2 group and mCherry
group (Figure 2E). It is clear that the bands of high-frequency
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waves were enhanced and the bands of low-frequency waves
were attenuated in the ChR2 group with blue light during
both the LORR and RORR processes (Figures 2F,G). Taken
together, the results indicate that activation of VTA-DA neurons
modulate the processes of induction of and emergence from
sevoflurane anesthesia.

Dopamine in the NAc Is Altered by the
State of Sevoflurane Anesthesia
Our above results show that VTA-DA neurons are involved
in modulating the state of sevoflurane anesthesia. In our
previous study, we found that D1 receptors in the NAc were
involved in modulating the process of emergence from general
anesthesia (Zhang et al., 2020, 2021). To investigate whether
sevoflurane had an influence on the change in the level of
dopamine neurotransmitters in VTA-related downstream NAc
areas, we measured the dynamics of the extracellular dopamine
concentrations during sevoflurane anesthesia in the mouse NAc.
Three periods were analyzed: the wake period (−300 to −150 s),
induction period (−150–0 s), and early anesthesia period
(0–150 s). During the period from sevoflurane induction to
LORR, statistical comparison indicated that the DA transmitters
amount in the NAc in the anesthesia period were dramatically
lower than the wake period (p = 0.000085, n = 10).

During emergence from sevoflurane anesthesia, we analyzed
three time periods: the anesthesia period (−300 to −150 s),
recovery period (−150–0 s), and wake period (0–150 s). A
robust increase in the NAc DA transmitters’ fluorescence
signal was observed during the process of RORR. The DA
transmitters in the NAc in the recovery period showed a
significant increase compared to anesthesia period (p = 0.0014,
n = 10; Figures 3D–F). These findings indicate that the
release of DA transmitters in the NAc is also regulated by
sevoflurane anesthesia with the same trend as the activity of
VTA-DA neurons.

NAc Activity and Neural Dynamics in
Response to Sevoflurane Anesthesia
We used a fiber photometry recording of Ca2+ activity
and the expression of c-Fos in NAc neurons to examine
the correlation between NAc neural activity and sevoflurane
anesthesia. We observed c-Fos expression during the state
of wakefulness, sevoflurane-induced anesthesia, and recovery
from sevoflurane anesthesia. Compared with the sevoflurane
anesthesia groups, statistical analysis of the amount of c-Fos
expression demonstrated a significant increase in the wakefulness
groups and the groups that recovered from sevoflurane
anesthesia (wakefulness groups: 84.8 [18.1] vs. sevoflurane-
induced anesthesia groups: 14.1 [3.5], p = 0.0416, n = 8;
recovery from sevoflurane anesthesia groups: 140.3 [22.1] vs.
sevoflurane anesthesia-induced groups: 14.1 [3.5], p = 0.0006,
n = 8, F(2,15) = 11.63; Figures 4A,B). This result might suggest
that neuronal activity in the NAc could be altered by the
stages of sevoflurane anesthesia. Moreover, to record the specific
and temporary change in neuronal activity of NAc neurons,
we injected rAAV-hSyn-GCaMP6s into the C57BL/6 mice
(Figure 4D) and used fiber photometry to record changes in

the Ca2+ signals in vivo during sevoflurane anesthesia. Then
we analyzed calcium signals in three periods: the wake period
(−300 to −150 s), induction period (−150–0 s), and early
anesthesia period (0–150 s). The Ca2+ signal decreased with the
sevoflurane-induced LORR process (p = 0.01, n = 8) and during
sevoflurane anesthesia (p = 0.005, n = 8). In the emergence
process, three periods, the anesthesia period (−300 to −150 s),
recovery period (−150–0 s), and wake period (0–150 s), were
analyzed. A striking increase was observed in the wake stage
(p = 0.029, n = 8; Figures 4E–G). These findings indicate
that the activity of neurons in the NAc is altered under
sevoflurane anesthesia.

Activation of the VTA-NAc Pathway Alters
the Induction and Emergence Stages From
Sevoflurane Anesthesia
The change in Ca2+ activity measured in VTA and NAc neurons
and the extracellular DA transmitters had a consistent trend
of changes during sevoflurane anesthesia, suggesting that the
VTADA-NAc pathway might induce a neural activity–dependent
release of DA to regulate sevoflurane anesthesia. To selectively
activate the VTA-NAc pathway, we injected rAAV-Ef1α-
DIO-hM3Dq-EGFP or rAAV-Ef1α-DIO-EGFP vectors into the
VTA and performed rAAV/retro-hSyn-cre-mCherry-WPRE-
hGH retrograde tracing in the NAc, as previously described
(Ren et al., 2018; Coffey et al., 2020). The results showed
that retrograde tracing of the virus from NAc-labeled VTA
neurons, 72.3% ± 5.9% (SEM) expressed tyrosine hydroxylase
by hM3Dq-positive neurons, which implied that the NAc mainly
innervated dopaminergic neurons in the VTA (Figure 5B).
Compared with the CNO-EGFP or saline-hM3Dq groups,
CNO-mediated hM3Dq activation of VTADA-NAc pathways
significantly prolonged the LORR tim e (CNO-hM3Dq: 144.4
[17.5] s vs. CNO-EGFP: 115.0 [10.8] s, p = 0.0021, CNO-hM3Dq:
144.4 [17.5] s vs. saline-hM3Dq: 117.3 [12.6] s, p = 0.0049, n = 8)
and shortened the RORR time (CNO-hM3Dq: 179.9 [13.1] s vs.
CNO-EGFP: 218.5 [15.6] s, p = 0.0002, n = 8, CNO-hM3Dq:
179.9 [13.1] s vs. saline-hM3Dq: 211.0 [22.3] s, p = 0.0067,
n = 8; Figures 5D,F).

Moreover, EEG analysis showed a similar trend.
CNO-mediated hM3Dq activation of VTADA-NAc neurons
decreased δ bands (CNO-hM3Dq: 24.7 [2.8] % vs. CNO-EGFP:
32.1 [3.1] %, p = 0.0004, n = 8) and increased γ bands (24.8
[10.3] % vs. CNO-EGFP: 23.2 [13.2] %, p = 0.0119, n = 8) during
LORR, while it decreased δ bands (CNO-hM3Dq: 25.4 [2.2] %
vs. CNO-EGFP: 31.6 [1.0] %, p = 0.0003, n = 8) and increased γ

bands (CNO-hM3Dq: 19.2 [4.0] % vs. CNO-EGFP: 13.5 [2.5] %,
p = 0.0342, n = 8) during RORR (Figures 5F,G).

Inhibition of the VTA-NAc Pathway
Regulates the Induction and Emergence
Process of Sevoflurane Anesthesia
After chemogenetic virus injection, 75.8% ± 8.7% (SEM) of
neurons expressing Th positive neurons were infected with
hM4Di virus (Figure 6B). Compared with the CNO-EGFP
group, CNO-mediated hM4Di inhibition of VTA-NAc neurons
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FIGURE 3 | Dynamics of extracellular dopamine in the nucleus accumbens (NAc) in response to sevoflurane anesthesia. (A) Schematic diagram depicting the fiber
photometry recording of extracellular dopamine. (B) Expression of DA2 h in NAc from each cases are outlined. Timeline for dynamics of extracellular dopamine
recording in sevoflurane anesthesia. (C) Expression of the DA2h virus in the NAc area (Scale bars: 200 µm). (D) Heat map illustrating the changes in the DA
fluorescence signals related to sevoflurane-induced LORR and RORR. (E) Average DA transmitters transients associated with LORR and RORR; mean (red
trace) ± SEM (red shading). Note that the extracellular DA fluorescence signals gradually decreased with LORR and increased sharply after RORR. (F) ∆F/F
represents the deviation in the DA transmitter signal from the baseline, which is the averaged ∆F/F between t = –300 s and –150 s. Data are presented as the
mean ± SEM. **p < 0.01; ***p < 0.001; ****p < 0.0001, n = 10, by paired t-test.

significantly reduced the LORR time (CNO-hM4Di: 102.4 [11.3]
s vs. CNO-EGFP: 121.5 [9.4] s; p = 0.0039, n = 8) and prolonged
the RORR time (CNO-hM4Di: 398.8 [51.5] s vs. CNO-EGFP:
165.4 [35.0] s; p = 0.015, n = 8, Figures 6D,E).

In addition, EEG analysis showed that compared to CNO-
EGFP, CNO-mediated hM4Di inhibition of VTA-NAc neurons
significantly increased the ratio of the δ band (CNO-hM4Di:
53.7 [8.2] % vs. CNO-EGFP: 35.5 [9.9] %, p = 0.008, n = 8)
but reduced the β band (CNO-hM4Di: 8.9 [2.6] % vs. CNO-
EGFP: 12.1 [3.0] %, p = 0.049, n = 8) and γ band (8.0 [3.6] %
vs. CNO-EGFP: 18.4 [8.2] %, p = 0.0056, n = 8) during LORR
(Figure 6F). During the RORR time, CNO led to an increased the
ratio of the δ band (CNO-hM4Di: 50.2 [1.1] % vs. CNO-EGFP:
31.1 [1.8] %, p = 0.0006, n = 8) and decreased the α band (CNO-
hM4Di: 8.8 [2.4] % vs. CNO-EGFP: 12.12 [0.8] %, p = 0.0029,

n = 8), β band (CNO-hM4Di: 19.6 [4.3] % vs. CNO-EGFP: 11.8
[3.7] %; p = 0.0002, n = 8) and γ band (CNO-hM4Di: 7.8 [3.2]
% vs. CNO-EGFP: 15.5 [0.1] %, p = 0.00004, n = 8), as shown
in Figures 6E–G.

These results may reveal that VTA-NAc projections play a
crucial role in the modulation of the induction and emergence
processes of sevoflurane anesthesia.

Optical Stimulation and Inhibition of
Dopaminergic Terminals of VTA-DA
Neurons in the NAc Modulate the Process
of Sevoflurane Anesthesia
To test the participation of VTA dopaminergic fiber projections
to the NAc in sevoflurane anesthesia, we implanted a fiber
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FIGURE 4 | Nucleus accumbens (NAc) neuron activity and neural dynamics in response to sevoflurane. (A) Expression of c-Fos in the NAc in the wakefulness state,
sevoflurane anesthesia and recovery from anesthesia in mice (Scale bars: 200 µm. (B) Average number of c-Fos-immunopositive neurons. One-way ANOVA
followed by post hoc Bonferroni’s test. n = 6, *p < 0.05, ***p < 0.0001. (C) Expression of GCaMP6s in NAc neurons. (D) Expression of the DA2h virus in the NAc
area (Scale bars: 200 µm). (E) Heat map illustrating the changes in the Ca2+ signals related to sevoflurane-induced LORR and RORR. (F) Average calcium transients
associated with LORR and RORR; mean (red trace) ± SEM (red shading). (G) ∆F/F represents the deviation in Ca2+ fluorescence from the baseline, which is the
averaged ∆F/F between t = –300 s and –150 s. Data are presented as the mean ± SEM. *p < 0.05, **p < 0.01, n = 8, by paired t-test.

optic probe above the NAc of DAT-cre mice following
AAV-EF1a-DIO-ChR2-mCherry, AAV-EF1a-DIO-NpHR-
mCherry or AAV-EF1a-DIO-mCherry virus infusion into the
VTA (Figures 7A–C).

Compared with the controls that did not receive laser
stimulation, photo stimulation of dopaminergic terminals in

the NAc after sevoflurane inhalation prolonged the LORR time
(ChR2-light-on: 145.5 [14.3] s vs. mCherry-light-on: 120.6 [10.2]
s, p = 0.0047, n = 8) and reduced the RORR time (ChR2-light-on:
168.3 [12.3] s vs. mCherry-light-on: 197.3 [19.5] s, p = 0.0131,
n = 8). Additionally, compared with the mCherry group,
photostimulation prolonged the LORR time (ChR2-light-on:
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FIGURE 5 | Chemogenetic activation of VTA-NAc pathway neurons facilitate emergence from sevoflurane anesthesia. (A) Schematic of the experimental protocol.
Cre-dependent hM3Dq was injected into the VTA of mice, while retrograde cre was injected into the NAc. (B) Expression of hM3Dq-EGFP (green) and retrograde
cre-mCherry (red) in the VTA and NAc showing dopaminergic projections from the VTA to the NAc in the mouse brain (above). Scale bars: 200 µm.
Immunofluorescence of cre-mCherry (red) and TH (green) in the VTA (below) Scale bars: 100 µm. (C) Experimental timeline of the behavioral test and EEG recording.
(D) CNO-mediated hM3Dq activation notably prolonged the LORR time. (E) CNO-mediated activation significantly shortened the RORR time. (F) CNO-mediated
hM3Dq activation decreased δ bands and enhanced γ bands during the LORR process. (G) CNO-mediated hM3Dq activation decreased δ bands and enhanced γ

bands during the RORR process. (H,I) Representative EEG traces and heat map from the two groups. CNO: clozapine N-oxide. Data are presented as the
mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001, n = 8, by paired and unpaired paired t-test.

Frontiers in Cellular Neuroscience | www.frontiersin.org 10 April 2021 | Volume 15 | Article 671473

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Gui et al. VTA-NAc Dopaminergic Pathway Modulate Anesthesia

FIGURE 6 | Chemogenetic inhibition of the VTA-NAc pathway regulates the induction and emergence processes of sevoflurane anesthesia. (A) Schematic of the
experimental protocol. Cre-dependent hM4Di was injected into the VTA of mice, while retrograde cre was injected into the NAc. (B) Expression of hM4Di-EGFP
(green) and retrograde cre-mCherry (red) in the VTA and NAc shows dopaminergic projections from the VTA to the NAc in the mouse brain (above). Scale bars: 200
µm. Immunofluorescence of cre-mCherry (red) and TH (green) in the VTA (below). Scale bars: 100 µm. (C) Experimental timeline of the behavioral test and EEG
recording. (D) CNO-mediated hM4Di inhibition notably reduced the LORR time. (E) CNO-mediated hM4Di inhibition significantly prolonged the RORR time. (F)
CNO-mediated inhibition increased the ratio of the δ band but reduced the ratio of the β and γ bands during LORR. (G) CNO-mediated inhibition led to an increased
power of the δ band and decreased powers of the α, β and γ bands during RORR. (H,I) Representative EEG traces and heat map from the two groups. CNO:
clozapine N-oxide. Data are presented as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p<0.0001, n = 8, by paired and unpaired t-test.
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145.5 [14.3] s vs. mCherry-light-on: 120.6 [10.2] s, p = 0.0433,
n = 8) and reduced the RORR time (ChR2-light-on: 168.3 [12.3]
s vs. mCherry-light-on: 197.3 [19.5] s, p = 0.0045, n = 8) in the
ChR2 group, as shown in Figure 7D. Conversely, compared with
mCherry, photoinhibition of VTA dopaminergic projections in
the NAc reduced the LORR time (NpHR -light-on: 98.5 [20.4]
s vs. mCherry-light-on: 122.4 [16.3] s, p = 0.007, n = 8) and
prolonged the RORR time in the NpHR group(NpHR-light-on:
303.3 [60.0] s vs. mCherry-light-on: 212.3 [21.1] s, p = 0.002,
n = 8; Figure 7E).

During the LORR process, EEG analysis demonstrated that
optical activation significantly decreased the δ band percentage
(25.6 [6.4] % vs. 36.7 [6.8] %, p = 0.0035, n = 8) and increased
the power of the γ band (32.2 [4.3] % vs. 27.7 [6.2] %, p = 0.0021,
n = 8) between the mCherry group and the ChR2 group. During
the RORR process, photostimulation of the VTA dopaminergic
projections in the NAc significantly decreased the power of
the δ band (23.2 [2.5] % vs. 29.8 [2.4] %, p = 0.0002, n = 8)
and increased the γ band (22.9 [2.0] % vs. 16.1 [3.3] %,
p = 0.00006, n = 8) in the ChR2 group (Figure 7F). Nevertheless,
photoinhibition increased the power of the δ band (36.7 [7.0] %
vs. 29.7 [2.6] %, p = 0.0311, n = 8) and decreased the β band (13.0
[2.3] % vs. 21.2 [4.3] %, p = 0.000009, n = 8; Figure 7G). These
behavioral and EEG findings indicate that the induction and
emergence processes of sevoflurane anesthesia are modulated by
VTADA-NAc projections.

DISCUSSION

In this study, we manipulated VTA-DA neurons to elucidate
their regulatory role in sevoflurane anesthesia using calcium fiber
photometry recordings and optogenetics. The results revealed
that VTA-DA neurons were involved in sevoflurane anesthesia,
and targeted activation of VTA-DA neurons resulted in a longer
induction time and shorter emergence time associated with
sevoflurane anesthesia. The neural activity and extracellular
dopamine levels of the NAc were correlated with sevoflurane-
anesthetized states, and NAc signal fluctuations might be caused
by changes in VTA-releasing dopamine neurotransmitters.
Moreover, using chemogenetic and optogenetic approaches,
activation of VTA dopaminergic projections to the NAc
facilitated arousal according to both behavioral and simultaneous
EEG signal changes under sevoflurane anesthesia. Our results
demonstrate that VTA-DA neurons play a critical role in
modulating sevoflurane anesthesia via the VTADA-NAc pathway.

We found that the neuronal activity of VTA-DA decreased
under sevoflurane anesthesia and increased during recovery from
sevoflurane anesthesia by detecting the expression of the c-
Fos protein and using calcium fiber photometry recordings,
which indicated that sevoflurane anesthesia may require an
inhibition of VTA neurons to some degree. In the recovery
period, a positive trend was observed in the transition from
anesthesia to wakefulness, suggesting that VTA neurons were
highly activated at the moment of emergence. Similar results
were observed in a previous study, in which VTA neurons
exhibited increasing firing rates during wakefulness, and the
same population of neurons displayed reduced firing rates

during anesthesia and slow-wave sleep (Yanagihara et al.,
2020). Moreover, using fiber photometry recordings to activate
VTA-DA neurons led to a decline before the wakefulness
to nonrapid eye movement (NREM) sleep transition, and
the activity of VTA-DA neurons augmented their activity
before NREM-to-arousal transitions (Eban-Rothschild et al.,
2016). We found that optogenetic activation of VTA-DA
neurons by optical stimulation promoted the arousal of
anesthesia and increased the powers of the β and γ bands in
ChR2+ mice during sevoflurane anesthesia. Similar evidence
was provided that optical VTA stimulation during isoflurane
anesthesia produced behavioral and EEG evidence of arousal
and restored the righting reflex and that pretreatment with
the DA receptor antagonist before optical VTA stimulation
inhibited the arousal responses and restoration of righting
in all mice (Taylor et al., 2016). Selective bilateral VTA-DA
neuron lesions significantly prolong the recovery time from
propofol in rats (Zhou et al., 2015). VTA non-DA neurons
show increased firing rates during active wakefulness and rapid
eye movement sleep relative to quiet wakefulness. Adequate
anesthesia produces a significantly reduced VTA GABAergic
(VTA-GABA) neuron firing rate (Lee et al., 2001). Owing to its
role in sleep–wake regulation, as well as in general anesthesia of
VTA-DA neurons, the VTA is well-positioned for modulating
general anesthesia.

How do dopaminergic neurons in the VTA have a waking-
promoting effect? As one of the major targets of the VTA-
NAc, the VTA has been thoroughly studied for its regulation
of the sleep-wake cycle and general anesthesia. Many studies
have shown that a subpopulation of DA neurons in the
VTA project to the NAc (Beier et al., 2015; Qi et al., 2016;
Breton et al., 2019; Mingote et al., 2019; Tu et al., 2020).
Recent behavioral research has shown that DA terminals in the
ventral NAc medial shell are excited by unexpected aversive
outcomes and to cues that predict them, whereas DA terminals
in other NAc subregions are persistently depressed (de Jong
et al., 2019). Another study showed that activating the VTA
dopaminergic circuit could mimic tonic DA release in the NAc,
which could inhibit reward consummatory behavior (Mikhailova
et al., 2016). Eban-Rothschild et al. (2016) found that selective
photostimulation of VTA projections to the NAc, the central
amygdala and the dorsal-lateral striatum during NREM sleep
induced a significant reduction in the latency to wake. However,
the VTA-NAc pathway was the only projection that could
induce mice to maintain wakefulness during the first 6 h
of the light phase, suggesting that the VTA-NAc pathway
plays a critical role in arousal (Eban-Rothschild et al., 2016).
Recently, Luo et al. (2018) showed that optogenetic activation
of NAc D1 receptorneurons (NAc-D1R) induces an immediate
transition from non-rapid eye movement sleep to wakefulness
and that chemogenetic stimulation prolongs arousal (Luo et al.,
2018). The NAc participates in maintaining consciousness, and
activation of the NAc potentiates the response to a general
anesthetic (Ma and Leung, 2006). A previous study found
that NAc-D1R in the NAc was involved in regulating the
process of emergence from general anesthesia in aged mice
(Zhang et al., 2020, 2021). These findings suggest that the
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FIGURE 7 | Optogenetic activation or inhibition of VTADA-NAc projections modulate the process of sevoflurane anesthesia. (A) Schematic of optogenetic virus
injection and stimulation sites. (B) Expression of ChR2/NpHR/mCherry (red) and TH immunofluorescence (green) in the VTA. (C) Expression of VTA-DA neuron
terminals in the NAc. (D) Optical stimulation of VTA dopaminergic projections in the NAc prolonged the induction time and reduced the emergence time. (E) Optical
inhibition of dopaminergic terminals in the NAc reduced the induction time and prolonged the emergence time. (F) Optogenetic activation of dopaminergic terminals
mediated the band distribution of EEG power during both the LORR and RORR process. (G) Optogenetic inhibition of VTA dopaminergic projection to the NAc
mediated the band distribution of EEG power during both the LORR and RORR processes. (H,I) Representative EEG traces and heat map from each group. Data
are presented as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, n = 8, by paired and unpaired t-test.
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NAc apparently regulates general anesthesia. However, few
studies have explored the relationship between VTADA-NAc
projections and sevoflurane anesthesia in great depth. Therefore,
we proposed that VTA-induced arousal under anesthesia is
mediated by the VTA-NAc pathway.

We next manipulated the VTADA-NAc pathways to
examine their regulatory effects on sevoflurane anesthesia
by chemogenetic and optogenetics technology. Our results
show that activation of the VTADA-NAc pathways modulated
sevoflurane induction and emergence and decreased the
depth of anesthesia during the LORR and RORR periods.
The current results uncover a fundamental role for the VTA
dopaminergic circuitry in the maintenance of the awake state
and ethologically relevant sleep-related behaviors (Eban-
Rothschild et al., 2016; Oishi and Lazarus, 2017; Yin et al.,
2019). Furthermore, increased activation of the VTA-DA
pathway relieves the inhibitory effect of cortices within GABA
neurons by resisting projections from the NAc GABAergic
to cortical regions (Eban-Rothschild et al., 2016; Oishi and
Xu, 2017). It also verified the influence of EEG changes in
the cortex of anesthetics acting on alterations in VTADA-NAc
pathway activity. Therefore, we inferred that the VTADA-NAc
pathways are largely responsible for the awakening process of
general anesthesia.

We used c-Fos and fiber photometry recordings to
show that sevoflurane anesthesia altered NAc neuron
activity by suppression during the induction process of
sevoflurane anesthesia and activation during the recovery
process of sevoflurane anesthesia. Using DA sensors, we
detected the DA transmitters in the NAc under sevoflurane
anesthesia and demonstrated that the level of the DA
transmitters declined with sevoflurane anesthesia induced
to LORR, remained constant during the anesthesia period,
and increased during the anesthesia-to-wake transition.
Another study indicated that propofol increased the
concentration of DA in the NAc using in vivo brain
microdialysis (Pain et al., 2002). The elevated levels of
DA transmitters during waking and REM sleeping the
NAc could result from changes during these two states
in afferent modulation at the level of cell bodies or at
the level of dopaminergic terminals (Léna et al., 2005),
suggesting that afferents of upstream dopaminergic nuclei
participate in the process of sevoflurane anesthesia. Our
study provides evidence of the direct regulatory effect of

dopamine on NAc neurons during anesthesia emergence.
In summary, we provide multiple lines of evidence to
support the idea that VTA-DA has a crucial influence
on modulating sevoflurane anesthesia via the VTA-NAc
dopaminergic pathways.

The present study has some limitations. First, the NAc
includes various GABAergic neurons and other types of neurons,
and we were not able to distinguish between the specific
receptor neurons in response to DA in the VTA. This question
requires the use of selective techniques for further analysis of the
function of specific neuron populations. Second, the effects of
sevoflurane on global oxidative metabolism and cerebral blood
flow (Slupe and Kirsch, 2018) that accompany the induction and
recovery periods may also affect the behavioral and EEG results.
Finally, the VTA also sends brain-wide projections, including
direct projections to the cortex and LH, and the NAc sends
projections to the ventral pallidum and the cortex. Some of these
pathways have been shown to be involved in the regulation
of sleep-wake but have been rarely studied in relation to
general anesthesia.
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